II study, patients received imetelstat IV (days 1 and 8 q21-days) at 285 mg/m 2 . Imetelstat pharmacokinetic and pharmacodynamic studies were performed. Of two evaluable patients on the MB trial, intratumoral telomerase activity was inhibited by 95 % compared to baseline archival tissue in one patient and was inevaluable in one patient. Fortytwo patients (40 evaluable for toxicity) were enrolled: 9 medulloblastomas, 18 HG G , 4 ependymomas, 9 diffuse intrinsic pontine gliomas. Most common grade 3/4 toxicities included thrombocytopenia (32.5 %), lymphopenia (17.5 %), neutropenia (12.5 %), ALT (7.5 %) and AST (5 %) elevation. Two patients died of intratumoral hemorrhage secondary to thrombocytopenia leading to premature study closure. No objective responses were observed. Telomerase inhibition was observed in peripheral blood mononuclear cells (PBMCs) for at least 8 days. Imetelstat demonstrated intratumoral and PBMC target inhibition; the regimen proved too toxic in children with recurrent CNS tumors.
Introduction
Telomeres are complexes consisting of tandem repeats of the TTAGGG DNA sequence with associated proteins and serve as protective caps for linear chromosomes. With each cell cycle, telomeres shorten until they reach a critical length that triggers cellular senescence or apoptosis [1] . This is counteracted by the activity of the telomerase enzyme. Human telomerase consists of at least two essential components, a protein catalytic subunit (hTERT) and an RNA template (hTERC) that contribute to the synthesis of telomeric repeats, thereby renovating telomeres.
Abstract Telomerase activation is critical in many cancers including central nervous system (CNS) tumors.
Imetelstat is an oligonucleotide that binds to the template region of the RNA component of telomerase, inhibiting its enzymatic activity. We conducted an investigatorsponsored molecular biology (MB) and phase II study to estimate inhibition of tumor telomerase activity and sustained responses by imetelstat in children with recurrent CNS malignancies. In the MB study, patients with recurrent medulloblastoma, high-grade glioma (HG G ) or ependymoma undergoing resection received one dose of imetelstat as a 2-h intravenous infusion at 285 mg/m 2 , 12-24 h before surgery. Telomerase activity was evaluated in fresh tumor from surgery. Post-surgery and in the phase except in DIPG patients. Patients with imaging evidence of CNS hemorrhage, including punctate areas on baseline magnetic resonance imaging (MRI) obtained within 14 days prior to study enrollment, were ineligible. For the MB study, eligible patients included those for whom surgical resection was indicated and who were amenable to receiving one dose of imetelstat 12-24 h before surgery. Other eligibility criteria for both MB and phase II studies included: Lansky or Karnofsky performance score ≥50; recovery from acute toxicities of all prior therapy; ≥3 months since craniospinal radiation therapy (RT), ≥2 weeks since local palliative RT; ≥3 months since autologous stem cell transplantation; adequate bone marrow function (hemoglobin ≥8.0 g/dL, absolute neutrophil count ≥1000/mL, platelets ≥100,000/ mL transfusion-independent defined as no platelet transfusions within a 7-day period prior to enrollment); adequate renal function (age-adjusted normal serum creatinine or glomerular filtration ≥70 mL/min/1.73 m 2 ); adequate liver function (total bilirubin <2.0 mg/dL, ALT (SGPT) ≤3× institutional upper limit of normal [IULN] , AST (SGOT) ≤3× IULN, alkaline phosphatase <2.5× IULN, albumin ≥2 g/ dL); adequate coagulation (PTT <1.2× IULN). Patients were excluded if pregnant or lactating, had a known bleeding diathesis, were on systemic anticoagulants or had an uncontrolled concurrent illness. Informed consent and assent were obtained according to institutional guidelines. Institutional review boards of participating institutions maintained protocol approval throughout the study. After a patient with medulloblastoma died on study due to intratumoral bleeding associated with thrombocytopenia, the study was put on clinical hold by the food and drug administration (FDA), amended and reopened to exclude patients with medulloblastoma/PNET and to redefine transfusion independence for platelets as no transfusion requirement within 4 weeks prior to enrollment. Post-amendment changes for safety are outlined in the "Dose modifications" and "Study evaluations" sections.
Drug administration
Imetelstat sodium was supplied by Geron Corporation as a sterile lyophilized powder. It was reconstituted with 0.9 % sodium chloride to achieve a final drug concentration of 1 mg/ml for injection. On the phase II study, imetelstat was administered once on days 1 and 8 of every 21-day course as a 2-h infusion intravenously at 285 mg/m 2 . In the absence of disease progression or unacceptable toxicity, patients could receive up to 34 courses (2 years). On the MB study, imetelstat was administered once, 12-24 h prior to the anticipated time of surgery. Imetelstat was recommenced 14-21 days after surgery and then administered according to the phase II study schedule.
Telomerase activation, a hallmark of the vast majority of cancers, is essential for maintaining an immortal phenotype by conferring unlimited replicative potential. While telomerase activity is undetectable in most normal tissues, it is increased in about 90 % of cancers [2, 3] . Telomerase activity has been detected in 10-100 % of anaplastic astrocytomas [3, 4] , 26-100 % of glioblastoma [4] and 60-86 % of ependymomas [5, 6] . High hTERT expression occurs in up to 76 % of medulloblastoma/supratentorial primitive neuroectodermal tumors (PNET) [7] and 73 % of diffuse intrinsic pontine gliomas (DIPG) [8] . Telomerase activation is a negative prognosticator across CNS tumors [5, 8, 9] and may play a role in cancer stemness [5, 10, 11] , making telomerase inhibition a rational therapeutic target even in the setting of cancer recurrence and therapy resistance.
Imetelstat (G RN163L, G eron Corporation), a covalently lipidated 13-mer-thiophosphoramidate oligonucleotide, targets hTERC and is a potent competitive inhibitor of the telomerase enzymatic activity [12] . It has demonstrated broad activity in vitro and in vivo in a variety of tumor types, including primary, stem-cell and metastatic compartments [5, 12, 13] . In single-agent early-phase adult clinical trials in variety of malignancies, imetelstat has shown the most impressive activity in myeloproliferative neoplasms [14, 15] . In a phase I pediatric solid tumor trial of imetelstat, the recommended phase II dose (RP2D) was determined as 285 mg/m 2 on days 1 and 8 of a 21-day cycle with myelosuppression reported as the most common toxicity [16] .
Here, we report a molecular biology (MB) and phase II study in children with recurrent CNS tumors. The primary objective of the MB study was to test the ability of imetelstat to inhibit telomerase activity assessed by telomere repeat amplification protocol (TRAP) intratumorally and in peripheral blood mononuclear cells (PBMCs) of children with recurrent medulloblastoma, high-grade glioma (HGG) or ependymoma undergoing surgical resection. The primary objective of the phase II study was to estimate the sustained objective response rates to imetelstat in children with recurrent CNS tumors.
Patients and methods

Patient eligibility
Common eligibility criteria for the MB and phase II study included patients aged ≥12 months to ≤21 years with measurable recurrent or refractory medulloblastoma/PNET (stratum A), HGG (stratum B), or ependymoma (stratum C). Patients with DIPG (stratum D) were only eligible for the phase II trial. Histologic verification of malignancy was required decreasing corticosteroid dose maintained for ≥6 weeks; partial response, ≥50 % reduction in bi-dimensional tumor measurements with stable or decreasing corticosteroids dose, maintained for ≥6 weeks; progressive disease, worsening neurologic status or >25 % increase in the bidimensional measurements, new lesions, or increasing corticosteroid dose; stable disease (SD): response not meeting criteria for other categories, with stable neurologic examination and corticosteroid dose.
Pharmacokinetic studies
Pharmacokinetic studies were performed in consenting patients in the phase II study. Serial blood samples (2 mL) were obtained on course 1 day 1, before imetelstat administration, at the end of infusion (EOI), 4 (±1) and 24 (±2) h post-infusion. Plasma concentrations of imetelstat were measured by a validated hybridization-ELISA assay by Charles River Laboratories, Inc. (Wilmington, Massachusetts, USA) as previously described [16] . Imetelstat concentration-time data were summarized using descriptive statistics. For each pharmacokinetic study, the peak serum imetelstat concentration (C max ) and time to C max (T max ) were determined from the plasma concentration-time profile.
Telomerase activity in PBMCs and tumor
PBMCs were isolated from patients' whole blood by density gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare LifeSciences) according to the manufacturer's instructions. PBMCs were collected before treatment, 6-8 h, and 24 (±2) h after the first imetelstat dose; prior to the day 8 dose; and before the day 1 dose in cycles 2 and 3. In the MB study, PBMCs were collected before treatment, at the time of surgery, and 72 (±6) h after the first imetelstat dose. Fresh flash-frozen tumor samples from archival tissue and time of surgery (20-50 mg) were collected. Tumor tissue was placed in ice-cold lysis buffer and mechanically homogenized using gentle MACS (Miltenyi, Cologne, Germany) program protein_01, centrifuged for 5 min at 330×g at 4 °C to pool the foamed sample. Samples were incubated in ice for 30 min and centrifuged for 20 min at 14,000×g at 4 °C. Supernatant was transferred to a sterile RNAse/ DNAse-free tube and stored at −80 °C until assay was performed. PBMC and tumor extracts were analyzed for telomerase activity using the TRAPeze Telomerase Detection Kit (Millipore). Cell extracts were prepared according to protocols provided by the manufacturer. 400 ng (fresh tissue) and 800 ng (PBMCs) of total protein were assayed for telomerase activity.
Dose modifications
Toxicity was graded according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Hematologic dose-limiting toxicity (DLT) was defined as: grade 4 thrombocytopenia or neutropenia; grade 3 thrombocytopenia requiring a platelet transfusion on >2 occasions within a 14-day period; myelosuppression leading to >7 days delay between treatment courses; ≥grade 3 PTT prolongation. Non-hematologic DLT was defined as any grade 3 or 4 non-hematological toxicity excluding: grade 3 nausea and vomiting controlled with antiemetics, grade 3 transaminase elevation that returned to eligibility criteria within 7 days of drug interruption and did not recur upon re-challenge, grade 3 fever or infection, grade 3 electrolyte imbalance responsive to oral supplementation; any non-hematologic toxicity that caused ≥7 days delay between courses or led to omission of the day 8 dose. After a patient with medulloblastoma died from an intratumoral hemorrhage related to thrombocytopenia, the protocol was amended to require the omission of day 8 imetelstat in patients with a platelet count ≤75,000/mm 3 and dose reduction for subsequent courses.
Study evaluations
Pretreatment evaluations included history, physical examination, performance status, complete blood count (CBC), electrolytes, renal and liver function tests, coagulation profile and pregnancy test for female patients of childbearing age. For the MB study, during the surgical course, CBCs were obtained within 12 h prior to surgery, daily for 7 days post-operatively and twice weekly for the rest of the postoperative course. PTT was drawn Q6 h after the pre-surgery imetelstat dose until surgery was performed. Following a patient death due to treatment-related thrombocytopenia, additional safety measures were implemented. For both MB and phase II studies, CBCs were obtained twice weekly and in the 24 h prior to the day 1 and day 8 imetelstat doses in each cycle. Platelets were kept ≥50,000/mm 3 throughout treatment and a transfusion-independent platelet count of >75,000/mm 3 was required on day 8 prior to drug administration. Electrolytes, renal and liver function tests and coagulation profiles were obtained within 24 h of day 1 and day 8 imetelstat doses in course 1 and prior to each course, thereafter. Disease evaluations were obtained at baseline, post-surgery (for patients on the MB arm) and after every third cycle, thereafter.
Response criteria
Tumor response was defined as follows: complete response: complete MRI disappearance of tumor with stable or Courses of imetelstat, n (%) Median (range)
Nine patients were enrolled on PhaseII/MB and eight of them were eligible PNET primitive neuroectodermal tumor, HGG high-grade glioma, DIPG diffuse intrinsic pontine glioma (5 %) elevation. Two patients died of intratumoral hemorrhage secondary to thrombocytopenia leading to premature study closure. Tables 2 and 3 summarize the number of adverse events (AE) >grade 2, attributed to therapy and observed in >10 % of evaluable patients in at least one stratum for the MB and phase II studies, respectively.
Responses
No objective responses were reported on this study. The study was placed on Clinical Hold by the FDA after the first treatment-related death (intratumoral hemorrhage secondary to thrombocytopenia in a medulloblastoma patient) and 15 patients were taken off study. Upon study resumption, none of the patients on the phase II arm remained on treatment long enough to be evaluable for SD because of the premature closure of the study following the second patient death.
Pharmacokinetics
Imetelstat plasma pharmacokinetic studies were performed in 10 patients on the phase II study. All patients received imetelstat 285 mg/m 2 as a 2-hour infusion. The median age and body surface area (BSA) were 12.7 years (range: 2.3-19.3 years) and 1.58 m 2 (range: 0.56-1.72 m 2 ). The actual infusion start/stop times were not recorded and nominal times were assumed for collection of blood samples. Therefore, the T max occurred at 2 h for all patients as this was assumed to be the EOI time. The median maximum concentration (C max ) was 97.5 µg/mL (range: 84-173 µg/mL).
Telomerase inhibition in PBMCs
Baseline and/or post-treatment PBMC samples were submitted from 13 patients at various time points. If telomerase activity could not be assessed at baseline, the sample was considered inevaluable for assessment of telomerase activity following imetelstat treatment. Samples from six patients were consequently considered evaluable and were analyzed.
Telomerase inhibition was observed in PBMCs of five out
Statistical considerations
For the MB study, to detect a decrease in telomerase activity rate from 80 % (if imetelstat inactive) to 30 % (if imetelstat active), 6 patients with detected telomerase on archival tissue were needed to achieve an attained power of 93 % with α of 3.3 %. Based on these criteria, if 4 or more of these 6 (67 %) subjects' tissues demonstrated 50 % reduction in telomerase activity after surgical resection, this was to be considered promising evidence for biological activity. There was no reason to expect that the ability of imetelstat to inhibit telomerase activity was related to histology. Thus, the statistical analysis and inference for the MB study was planned as an overall comparison among subjects whose archival tumors demonstrated telomerase activity regardless of histology.
For the phase II trial, a Simon's phase II minimax design with the identical parameters was used to investigate the sustained objective response rate (sORR) separately in each stratum. Imetelstat activity would be considered disappointing if the true, unknown sORR was ≤5 % and the design would have 90 % power to detect a true, unknown sORR of 0.25 with α = 10 %. With these parameters, the design would reject imetelstat at the first stage if none of the first 13 subjects experienced a sOR. Otherwise, the trial would continue to accrue a total of 20 evaluable subjects. Imetelstat would be considered active if at least 3 of 20 subjects experience a sOR. The response evaluation period was set as nine courses (27 weeks).
Results
Patient characteristics
Three patients, one each with medulloblastoma, HGG and ependymoma were enrolled on the MB study. The patient with ependymoma was inevaluable as he did not receive drug because of the FDA Clinical Hold. No peri-operative complications were observed among patients treated in the MB study. Both evaluable patients received three courses of therapy. Forty patients, 39 eligible, were enrolled on the phase II study. One patient with medulloblastoma was ineligible. The median number of courses was 1 (range: 1-3) in the phase II study. Table 1 summarizes the characteristics of the eligible patients on the MB and phase II studies.
Toxicity
All patients who received at least one dose of imetelstat were evaluable for toxicity. The most common grade 3/4 toxicities included thrombocytopenia (32.5 %), lymphopenia (17.5 %), neutropenia (12.5 %), ALT (7.5 %) and AST activity at different time points in PBMCs and quantification of telomerase inhibition in one representative patient with HGG on the phase II study are shown in Fig. 1 .
of six patients and was sustained for at least 8 days in all samples. Telomerase activity returned to baseline by day 21 post-imetelstat administration. Inhibition of telomerase . Total protein extracts were assayed for telomerase activity during course 1, day 1 pre-IMT (C1D1-pre); course 1, day 1 post-IMT (C1D1-post); course 1, day 2 (C1D2); course 1, day 8 (C1D8); course 2, day 1 pre-IMT (C2D1) and course 3, day 1 pre-IMT (C3D1). Telomerase activity was evaluated by TRAP assay using 800 ng of total protein extracted from PBMCs. Lanes labeled (−ve) and (+ve) depict the negative (protein extraction buffer) and the positive controls (30 ng of total protein extract from HeLa cells) of the assay, respectively. b Quantification of telomerase activity in a. The telomerase products (6-bp ladder) and the 36-bp internal control (PCR internal control) bands were quantified using a Storm phosphoimager. Relative telomerase activity was calculated as the intensity ratio of the TRAP ladder (telomerase products) to that of the PCR internal control. The percentage of inhibition was calculated by dividing the intensity ratio of sample post-IMT with the intensity ratio of the sample pre-IMT at different timepoints: course 1, day 1 pre-IMT (C1D1-pre); course 1, day 1 post-IMT (C1D1-post); course 1, day 2 (C1D2); course 1, day 8 (C1D8); course 2, day 1 pre-IMT (C2D1) and course 3, day 1 pre-IMT (C3D1). Note sustained inhibition of telomerase activity until C1D8 and recovery of telomerase activity by C2D1 
CNS central nervous system a Number of patients evaluable for toxicity in each stratum. The number is based on the patients who received at least one dose of drug Table 3 Number of adverse events >grade 2, attributed to therapy and observed in >10 % of evaluable patients in at least one stratum on the phase II study careful monitoring of hematologic parameters in this CNSspecific trial, two patients died of intratumoral hemorrhage secondary to thrombocytopenia leading to premature closure of the study. Following the first patient death on study, an exhaustive analysis of the toxicity data from patients on protocol revealed that median time for platelet nadir was 13 days (range: 6-21 days) post day 1 of imetelstat, putting patients at risk for cumulative myelosuppression by the time the day 8 dose was given. Although additional safety measures and closer monitoring of hematologic parameters were introduced, these modifications did not mitigate the risk of severe thrombocytopenia causing intratumoral bleeding and made the schedule of drug administration intolerable in the recurrent CNS tumor patient population. This is in contrast with the tolerability of imetelstat demonstrated in non-CNS patients in the pediatric phase I trial despite commonlyreported thrombocytopenia [16] , where no hemorrhage was
Telomerase inhibition in tumor
Of two evaluable patients on the MB trial, intratumoral telomerase activity was inhibited by 95 % compared to baseline archival tissue in one patient with HGG (Fig. 2) . This patient's tumor was removed 26.5 h after imetelstat infusion. Telomerase activity post-imetelstat was not assessed in the second patient with medulloblastoma due to tumor hemorrhage at resection making the TRAP assay uninterpretable.
Discussion
Imetelstat toxicities reported in this investigator-sponsored study are similar to previous adult and pediatric studies which included thrombocytopenia, lymphopenia and neutropenia [16, 17] . Despite stringent eligibility criteria and The telomerase products (6-bp ladder) and the 36-bp internal control (PCR internal control) bands were quantified using a Storm phosphoimager.
Relative telomerase activity was calculated as the intensity ratio of the TRAP ladder (telomerase products) to that of the PCR internal control. The percentage of inhibition was calculated by dividing the intensity ratio of sample post-IMT with the intensity ratio of the sample pre-IMT. The assay was repeated three times. The calculated telomerase activity inhibition is ~95 % relative to telomerase activity in the tissue collected at the time of the first surgery (lane 1 reported. Interestingly, however, in a pilot trial in adults with myelofibrosis, one patient who received an equivalent dose of weekly imetelstat also died from intracranial hemorrhage caused by drug associated myelosupression [14] . This study represents the first pharmacokinetic report of imetelstat in pediatric patients with recurrent brain tumors. The C max in patients from this study receiving 285 mg/m 2 is 97.5 µg/mL and is nearly identical to 96.7 µg/mL previously reported by our phase I study in pediatric patients with refractory or recurrent solid tumors [16] . Due to the small number of evaluable samples and the premature closure of the study, further discussion of imetelstat pharmacokinetics or pharmacodynamics (PD) from this study is limited.
Imetelstat treatment led to inhibition of telomerase activity in both PBMCs and tumor. To our knowledge, this is the first published report of intratumoral telomerase inhibition following imetelstat administration in brain malignancies. Similar to findings from the phase I pediatric study, telomerase activity was inhibited in PBMCs for up to 8 days post-imetelstat administration. Telomerase inhibition in PBMCs was not further assessed until the start of a new cycle, at which time telomerase activity was fully restored. Toxicities associated with this drug, particularly thrombocytopenia, prevented more frequent dosing in our patient population at risk for CNS bleed. It is known that minimal telomerase acitivity and short-term telomerase expression are sufficient to restore the shortest telomeres and maintain cell viability [18, 19] . Thus, the inability to administer imetelstat more frequently than on days 1 and 8 of a 21-day course to accomplish more sustained telomerase inhibition may partially explain the lack of objective responses in this study. We postulate that continued tumor cell proliferation occurred in patients' tumors in this trial due to telomere length recovery, precluding cell growth arrest or cell death. As previously suggested by preclinical data using orthotopic HGG mice xenografts [10, 13] , this study presents clinical evidence, albeit in one patient, that imetelstat crosses the blood-brain barrier in pediatric patients with recurrent CNS tumors based on its ability to inhibit telomerase activity by >95 % intratumorally 26.5 h after imetelstat infusion.
In summary, imetelstat achieved intratumoral and PBMC target inhibition at 285 mg/m 2 . While the regimen proved too toxic in children with recurrent or refractory CNS tumors, telomerase and telomeres remain relevant therapeutic targets in this patient population given the role played by telomerase reactivation in oncogenesis. Preclinical studies of a telomere-targeted strategy consisting of the incorporation of 6-thio-deoxyguanosine [20] , a telomerase substrate analog, into telomeres are currently being tested pre-clinically and appear to be promising.
